Responding to the growing interest in the environmental influences on physical activity, and the concerns about the limitations of self-report data, this study evaluates Global Positioning System (GPS) units for measuring outdoor physical activity. Methods: Four GPS models were selected to test their accuracy related to adherence to an actual route walked, variations based on position of unit on user's body, and variations against a known geodetic point. A qualitative assessment was performed using the following criteria: a) battery life, b) memory capacity, c) initial satellite signal acquisition time, d) ease of data transfer to other programs, e) wearability, f) ease of operation, g) suitability for specific study populations, and h) price. Results and Conclusions: The Garmin Forerunner provided the most accurate data for data points collected along a known route. Comparisons based on different body placement of units showed some variations. GlobalSat reported battery life of 24 hours, compared with 9-15 hours for the other units. The static test using ANOVA showed that the Garmin Foretrex's data points compared with a geodetic point was significantly more accurate than the other 3 models. GPS units appear promising as a tool to capture objective data on outdoor physical activities.
Global Positioning System (GPS) technology, first developed by the US Department of Defense for the military purposes in the 1970s, has now become popular for many everyday activities, such as navigation and mobile phone operations. 1 With the recent development of smaller and wearable units, GPS is also emerging as a promising instrument for research, especially for studying built environment and physical activity relationships. Physical inactivity and related health conditions such as obesity are widespread public health problems in the United States and beyond. Therefore, environmental and policy approaches, rather than individual interventions, are gaining popularity to promote physical activity at the population level. 2, 3 Such approaches can benefit from objective measurements as this data are easier to translate into policy and environmental inventions than subjective (self-report) measures.
Wearable GPS units, with their unique capability to collect objective data on the spatial location, time, and speed of various outdoor activities, 1, 4, 5 offer advantages over traditional measurement instruments. 1, 6, 7 Traditional self-report instruments such as surveys and travel diaries possess problems with recall accuracy and participant burden when trying to collect the detailed and spatial information for each activity engaged in, particularly during the past week for surveys and past day for diaries. 8 Objective measurement devices such as accelerometers and pedometers have been used in many physical activity studies, [9] [10] [11] [12] [13] but these tools do not capture any information on activity locations.
Therefore if the validity, reliability, and feasibility of wearable GPS devices are better understood, these devices can become important measurement tools in future built environment and physical activity research. The aims of this study are to test 4 selected wearable GPS models presently available in 2009, for their validity, reliability and feasibility as data collection instruments for research purposes and to offer an assessment and discussion as to the advantages and limitations in using these devices in built environment and physical activity research.
the more popular method despite recent increases in the use of objective measures such as Geographic Information System (GIS) and environmental audits. 21, 28, 29 Survey measures focus on how people perceive the quality and availability of facilities, land uses, and infrastructure conditions within their environment. 26, [30] [31] [32] [33] Consideration of more objective measurements that represent the "actual" in addition to the perceived characteristics of the environment will allow researchers to further explore the relationship between physical activity and the built environment.
To measure physical activity, both subjective (selfreport surveys) and objective methods for physical activity have been widely used in previous literature. Objective measures such as pedometers and accelerometers, offer accurate and reliable data on the quantity and intensity of physical activity. 9, [34] [35] [36] [37] [38] [39] Tools such as these reduce recall problems, self-report bias, and participant burdens. Nevertheless, pedometers and accelerometers fail to capture any information about the location and routes where physical activities occur.
Given these limitations, GPS technology emerges as an attractive research tool to capture outdoor physical activity objectively with the location information, which can be linked to built environment assessments and integrated spatially for analysis. Rich and accurate data from GPS may lead to identifying new environmental correlates of physical activity, continuing to develop effective understanding of environmental strategies to promote physical activities.
GPS Technology and Wearable Units for Research
GPS technology has been in use by researchers in public health and physical activity for about 10 years. [40] [41] [42] [43] GPS utilizes 24 low-orbit satellites and at any given time a unit will attempt to acquire a signal from at least 4 satellites to calculate the precise 3-dimensional location of the device. 44 Obtaining signals from 4 satellites improves the ability of the GPS receiver to minimize the error in matching up time-codes with the satellites and to calculate distances accurately. 44 Typical issues for researchers using GPS for measuring routes and physical activity are related to obstructions that block visibility to satellites, including buildings, trees, and cloud cover. In addition, data collection indoors is often not possible or inaccurate using GPS devices.
A number of GPS models have been used in assessing physical activity and the built environment, including the Geostats Geologger, Garmin units (Foretrex, eTrex), Leica GPS System 500, GPS-BT55 Wonde Proud Technology, GlobalSat, G30-L Laipac Technology, and REB 2100 RoyalTek-and the list of available products is growing. [5] [6] [7] 40, [45] [46] [47] [48] [49] [50] [51] [52] In a study by Troped et al, 10 adults were assessed using the Geostats Geologger and an accelerometer to measure walking and bicycling activities. 40 In this study the accuracy of measuring physical activity by the accelerometer was at 86.5% (cleaned data) and for the GPS unit was at 96%. When using the 2 tools combined the accuracy of reporting activity increased to 98%. 40 Rodriguez et al evaluated the Garmin Foretrex (N = 35) with adults and compared this unit with a geodetic point. He found the accuracy to be at 3.02 m (SD = 2.51) and reported this unit to provide an accuracy "sufficient to track participants' movements" 6 . The Garmin eTrex was used in 2 studies by Duncan et al, one with adults (N = 19) and the other with children (N = 59). 7, 53 The first study identified that body placement yielded no significant differences in data collected by the unit for walking. In addition, this study found that the Garmin eTrex's raw data overestimated the distance walked and recommended a data-cleaning protocol to improve accuracy. 7 The second study by Duncan et al compared distance and routes for children going to and from school estimated using GIS and using the Garmin eTrex units. The findings showed that GIS estimation were consistent with the GPS estimations for the total length. However, the route selected by the GIS system involved crossing more busy streets than the routes collected by the GPS units. 53 This suggests that people find the path to their destination, in this case schools, that minimizes both distance and crossing busy streets. Systems such as the Leica and the Laipac were designed for land survey type work and they are typically held or placed in a backpack when collecting data. 54, 55 The larger and more expensive units like the Leica system can provide exceptional, the design and costs are less compatible with use in daily physical activity research.
With increased consumer appeal for GPS technology, prices for units from producers such as Garmin and GlobalSat have become more affordable, ranging from $70 to $200 as of 2009, making it feasible for population-based studies. Accuracy of certain small, wearable GPS units for physical activity route analysis has been shown to be acceptable, particularly when paired with accelerometer data. 6, 48 Adding to the small body of existing research on wearable GPS equipment in assessing physical activity in 'real world' environments, this study provides multidimensional evaluations of 4 available models for their use in physical activity research. Not only the findings but also the methods used for evaluating these GPS units will offer guidance for researchers interested in employing this new technology
Methods
Four different and commonly available wearable GPS units were selected for this study: Garmin Forerunner 205, Garmin Foretrex 201, GlobalSat DG-100, and Wintec Easy Showily (Figure 1 ). Each unit has been reported in previous studies or by the manufacturer to have relatively high accuracy and precision in capturing data points during physical activities outdoors. 40, 51, 52 The first 3 models were chosen as potentially the most accurate and versatile models available to researchers, based on their successful performance in previous empirical studies or in feasibility tests. 40, 51, 52 The last model was selected as one of the smallest, most affordable, and most user-friendly models available on the market as of September 2009. The 2 Garmin units are designed for consumer usage and to be worn around the wrist, though with small modification they can be worn in other locations. The Forerunner is 2.7"H × 2.1"W × 0.7"D and the Foretrex is 1.71"H × 3.26"W × 0.69"D. The GlobalSat is designed with a belt-clip and is 3.15"H × 2.75"W × 0.7''D. It is not easily worn in any location other than the waist. The Wintec Easy Showily is the smallest unit at 3.35"H × 1.22"W × 0.12"D and can be worn around the wrist, at the waist, or around the neck on a lanyard.
Evaluation criteria were selected based on the need for reliable data and factors that allow use with different types of populations within real world context. For example, units that have a longer battery life insure that physical activity is recorded for the full day before requiring recharging. Elements related to wearability (size, materials) are factors that impact compliance by participants to wear the units or in fact the ability of the participants to wear the units at all. To assess the validity of each selected GPS unit in physical activity research, this study conducted both quantitative and qualitative assessments.
The quantitative assessment focused on the primary criterion of accuracy, validity and reliability of the data with 3 field tests. The first test involved, 4 adult participants, 2 women and 2 men, who walked a specified route with each unit. The route included segments with a variety of real world conditions including: shadows from buildings, tree coverage, crossing of a major street, and entry and exit from a building. The route was approximately 0.77 miles (1.24 km) and the testing was performed on a sunny, clear day. The route took between 15-25 minutes depending on the participant's walking pace. At 16 points along the route, chalk marks were placed on the sidewalk. Participants were asked to stop and wait at each marked location as a "time point" for approximately 20 seconds to assist in data comparisons between the units. Aside from the time points, participants were asked to walk at a normal, comfortable pace. For this set of tests, each participant wore only 1 unit at a time and walked the entire route. The data points collected by each unit were compared over an aerial map. Dichotomous variables were created for each point comparing the position of the recorded point with the actual path taken. The points were evaluated to determine if they were on the route taken by the participants or if there were large "jumps" in the data points greater than 5 feet from the prescribed course. A percentage of points that accurately matched the route were calculated.
A second set test for accuracy was performed to assess how body placement of the unit may impact data quality. The first run involved a participant wearing the Garmin units and the Wintec unit on the arm and walking the route. The GlobalSat unit was not designed to be worn at the wrist so it was not included in this run. The second run involved a participant wearing all 4 units at the waist at the same time. The wrist-watch style units (Garmin and Wintec) were attached around belt loops and the GlobalSat was attached normally with the belt clip. A final test with the Wintec unit alone was done on a lanyard around the neck. None of the other units were specifically designed to be worn in this fashion, therefore were not included in this final run. A percentage of points that accurately matched the route was calculated for each run which differed by body position of the units.
The third test was performed to determine the static accuracy of the 4 units by comparing collected coordinate data points to a known geodetic point. This test involved using a benchmark or geodetic point (NAD-83: Latitude = 30° 37' 18.95492"N, Longitude = 96° 20' 35.34535) set by the City of Bryan, TX. All 4 units were placed at that location to collect data points over the course of 1 hour based on a similar study by Rodriguez et al. 6 Analysis of variance between the mean data points collected by each of the units with the known coordinates was evaluated to determine the static accuracy of the units.
In addition to quantitative tests, this research included qualitative assessment to identify more specific information related to requirements of physical activity research. The qualitative analysis was performed based on each unit's user manual specifications, preliminary tests, and discussion with the participants after the field tests. Factors considered in the qualitative assessment are a) battery life; b) memory capacity; c) initial satellite signal acquisition time; d) ease of data transfer to other programs for analysis such as GIS; e) wearability (eg, size, weight, materials, ability to be worn in different body locations); f) ease of operation for researcher and user; g) suitability for use by specific study populations, such as children, older adults, etc.; and h) unit price. Battery life, memory capacity, and initial satellite signal acquisition were reviewed with the user manual and assessed by each participant qualitatively during the first field test. The assessment of data transfer included evaluating the user manual for exportable file extensions and testing the ability to convert data for use in GIS. To assess wearability, ease of operation for researchers and users, and suitability for use by diverse group, the participants engaged in follow-up discussions after the field tests were completed. The last assessment item of unit price was included given that budget is often a key constraint for physical activity research involving rigorous data collection methods like GPS technology. Table 1 summarizes qualitative results for all 4 tested GPS units based on the quantitative and qualitative data. The interpretation of the qualitative assessments is included in the Discussion section.
Results From Quantitative Assessments
In Table 2 , all 4 units are evaluated based on the accuracy of the data points collected in the first field test with 4 participants following a prescribed route. The Forerunner correctly located 76% of points along the sidewalk as compared with only 57.2% for Easy Showily which rated the lowest. The Forerunner located 98.8% of the points on the correct side of the road as compared with 78.9% for the lowest rated Foretrex; and 80.7% on the correct course compared with 71.6% for Foretrex. Table 3 compares data points collected for the second field test related to the position of the unit on the user's body. All 4 units were worn at the waist in this test, this being the most typical placement position for only the GlobalSat. In the first test, the Garmin units and the Wintec Easy Showily were all worn on the wrist. The position at the waist had no impact on the accuracy of the Garmin Forerunner. The other units did have some fluctuations in the data points but generally they were as accurate in this position as on the wrist, where applicable.
In addition to testing the accuracy of points following a route, all 4 units were tested against a known geodetic Table 4 , the mean difference in feet to the correct coordinate point indicates that the Garmin Foretrex had the smallest mean distance (21.05 feet) compared with other units (Garmin Forerunner = 30.83, GlobalSat = 26.25, Wintec = 26.00). The analysis of variance between groups further showed a significant difference between the Garmin Foretrex and the other 3 GPS units (P < .05), confirming that Foretrex's accuracy against a geodetic point is significantly higher than the other units. In summary, from the quantitative analysis, the Garmin Forerunner collected data points more consistently and accurately for the first 2 field tests, while the Garmin Foretrex more accurately collected data points in the static test against a geodetic point. All 3 of the units collected data points accurately along the prescribed route (first field test) that would allow researchers to evaluate route choice when comparing physical activity with the built environment.
Discussion of Qualitative Assessments Battery Life
Battery power is a significant issue and limitation for research use. Three out of the 4 tested units have a range of 9-15 hours of battery life, while the GlobalSat lasts up to 24 hours. Typical protocols ask participants to begin wearing the unit before they leave the house in the morning. By evening, some units can run out of battery power. This may be particularly problematic to some populations many of their daily needs (shopping, visiting friends and family, etc.) are done during the late afternoon or evening hours. The Wintec model uses 2 AAA batteries that are easily replaced when the unit is off. Battery life appears to be dependent on many factors, including how the GPS unit is designed to handle weak or no satellite signals as a + (Good), o (Average), -(Poor). Numbers reflect percentages for 1 of the 4 participants in the study. Additional analysis of the data may adjust these numbers.
b Indoor points reflect if the unit was able to collect any points indoors, if those points were on course. The GlobalSat collected more points (13 points) indoors but with less precision. The Forerunner and Foretrex collected very few points (3 and 11 points, respectively), though correctly on course when acquired. well as the recording interval set for capturing data points. The Garmin units and GlobalSat use rechargeable batteries. The Garmin units sometimes, although rare, present problems related to proper placement within the cradle for recharging. This can result in the unit not being properly charged overnight. The GlobalSat requires plugging into a computer USB port for charging. This could be an issue for study populations without access to a computer at home. Battery life continues to be an area requiring further improvements.
Memory Capacity
All 4 units can collect and store a large number of waypoints or track points. A waypoint is "reference point or set of coordinates that precisely identify a location" 57 . The tests done for this pilot appeared to only use 1% of the storage capacity for the Wintec Easy Showily. There are some indications from the manufacturer that the Garmin units, the Foretrex in particular, may be able to save 2 years worth of data. However, this may be assuming that this consumer-developed unit is only used during specific physical activities (running, hiking, etc.) rather than worn continuously. Table 1 shows the number of points that can be stored according to each unit's operator manual specifications. It appears that none of the test units will have memory capacity problems for physical activity research which usually require about 1 week of data. 58, 59 Downloading the data between the users is always recommended to ensure the completeness of the collected data and to check for any technical problems.
Initial Satellite Signal Acquisition Time
All 4 units have similar delay times for acquiring satellite signals, though the Wintec generally acquired the signal 10-20 seconds faster than the other units at a cold start. A cold start is when a unit is turned off and has no 'knowledge' of the last position and must search for the satellites 'blindly' to acquire the present location. 60 With the current technology, each prospective study area should be tested for the amount of delay in acquiring a signal from a cold start. Initial testing done in 3 Texas cities has resulted in different delay times for the same GPS unit ranging from the manual reported 47 seconds to 5 minutes, even with no obstructions. This suggests that for some research protocols, users should be instructed to wait for several minutes before moving, especially in the morning when beginning the day's activities/trips. When not possible to integrate this wait time within the protocol, researchers should note that initial short trips may be lost or truncated.
Ease of Data Transfer
The GlobalSat provides a variety of formats from which the data can be exported to directly. The GlobalSat was the easiest unit to download data via the built-in USB port and to export to a variety of different formats. Data from both Garmin units could be downloaded to various file types using the supplied software from Garmin and using GPS Visualizer, a web-based program to convert GPS data sets. 48 However, the Foretrex provides only a serial cable to connect to computers and most recent laptops or even some desktops do not have an appropriate serial port connection. While the Wintec Easy Showily has an integrated USB port, the data export formats are limited. Table 1 lists the export formats for each unit. Consideration of exportable data formats is very important as most research will require download and analysis of the data using spatial analysis software, such as GIS, and transformation of the data files into the necessary formats can be difficult or even impossible from certain units.
Wearability
Wearability is an important issue for research involving a variety of populations. The Garmin units are easily worn similar to wrist-watches, though they are rather bulky and often do not fit smaller or larger wrists. The watchband material was found to be uncomfortable and "sweaty" in warm weather. A metal, leather or cloth-based band may be preferable. The GlobalSat securely fastens at the waist with a belt clip, which may be considered more convenient than wrist-watch types by some populations, however its size and weight make the unit a bit larger and heavier than desired to remain unobtrusive. The Wintec Easy Showily is the most versatile, small and generally inconspicuous and it is the only unit available during testing period that was designed to be worn on a lanyard around the neck, which is appealing for research on bicycle usage.
Ease of Operation for Researcher and User
Downloading is easily performed with the GlobalSat and initial set-up takes only about 5-10 minutes after software is loaded. The unit does not have a display screen to provide feedback or information that may influence the user; this unit is ideal for this evaluation criteria. The Garmin Forerunner and Foretrex require initial setup by the researcher which also requires minimal time. The feedback on the display and the availability of multiple buttons on both units may encourage the user to push buttons, which can change initial settings. When training study populations, children in particular, allowing the user to play with all of the buttons initially before beginning the study may assuage curiosity that could impact the data. The GlobalSat and the Wintec Easy Showily use a 1-button start and stop process for the user and setup time is similar to the other units. The Wintec Easy Showily does display coordinates and users can push other buttons to view average speed and distance, which could bias the result by influencing the user's behavior.
Suitability for Diverse Study Populations
All units may be used by different age groups and types of populations. The Wintec Easy Showily is the smallest and most flexible to be worn where it is the most comfortable for the user. Some initial pilot tests with children conducted by authors of this study have suggested that children as young as the 3rd grade can use these units correctly. Color choices may also make the units more appealing to this population. The field tests in this study, however, were conducted by adult participants only. Finally, the wristband of some units was too long or too short for people with smaller or larger wrists.
Unit Price
As of September 2009, the units are priced from $70 to more than $200, with the GlobalSat and Wintec Easy Showily being the least expensive at $70 and $100, respectively. GPS units have become increasingly affordable in recent years. However, price still remains a major barrier to their more common use in empirical studies, especially those involving large samples with limited funding.
This study allows for researchers assessing built environment and physical activity connections the ability to compare what each of these wearable GPS units provides for research projects. Furthermore, it helps to set the benchmark from where these types of GPS units need to improve to address comfort and accuracy issues with different study populations.
Conclusions, Limitations, and Next Steps
The Garmin Forerunner, followed by the GlobalSat, generally provided fewer measurement errors related to data points collected in motion along a route, and both are fairly convenient to wear for the users. Some adults and children may find the Garmin units to be bulky. A recent, newer Garmin model, Forerunner 405CX (not available when this study was conducted), is smaller, approximates the size of a wrist-watch, and is equipped with GPS; it may be worth comparison for future research. 56 While the Wintec Easy Showily has the attractiveness of its size, it is not able to surpass the accuracy and other assessment criteria of the other units. As technology improves, GPS units are anticipated to be increasingly useful in research on physical activity and built environments. Follow-up evaluations of newer equipment are anticipated and will be beneficial, as GPS units improve accuracy and design features to become more effective in collecting physical activity data within the built environmental context. The rapidly advancing capabilities of cell phones also present interesting opportunities for combining the currently separate technologies of GPS, online surveys, and travel diaries.
Some limitations to this evaluation study include the short wait time of 20 minutes used in the testing as well as the sample size and sample representation. A longer wait time at specified time points along a prescribed route of 40 seconds, rather than the 20 seconds used in this study, (consistent with a protocol performed by Rodriguez et al) may be recommended for more effective assessments. 6 The sample size is small for more rigorous tests; however, the intent of this pilot study is to allow for comparison of available wearable units and suggest improvements needed in the technology for physical activity research. Next steps in research with GPS technology should include in-depth route analysis combined with preference surveys to understand what deterred as well as encouraged users from using certain routes. Data accuracy across diverse environmental settings/conditions, diverse options or capabilities among different units, and usability by different populations including diverse race, gender, age and occupation groups, should continue to be evaluated.
Preliminary findings show that tested GPS units exhibit at least a moderate level of reliability and validity for use in physical activity research. These GPS units have sufficient memory, but battery life may not be sufficient with extended hours of activity and frequent data point collection required by this type of research. No single instrument provides all desired measurements of when, where, why, how much, and how long a person engaged in specific types of physical activities. GPS units can help provide objective data on amount, types and locations of physical activity.
